Abstract-Ultra-wideband (UWB) antennas have advantages such as high data rates, improved multipath resistance and low power consumption. In this work, UWB patch antennas based on electrically conductive adhesive were manufactured with a simple technique and evaluated in the laboratory. Results showed that the thickness of the samples ranged from 207 to 261 µm. The bandwidth optimization obtained was 200% compared to a traditional copper-layer antenna. UWB antennas showed an average bandwidth of 8.558 GHz in the region 609 MHz to 9.105 GHz. The antennas covered the whole of UHF band, L band, S band, C band and part of X band. Finally, the proposed technique allows reducing the size of patch by 70% for low frequencies of operation, while achieving a similar performance.
authors [29] to manufacture reconfigurable transmitter/receiver communication systems. Probe-fed rectangular microstrip-patch antennas were manufactured, and the authors demonstrated that frequency of operation of a probe-fed patch antenna could be reconfigured by rotating the patch around the probe, operating over an anisotropic ground plane made of RCCFC composite, which allowed radiating modes with a current distribution component parallel to the fiber, acting as a mode filter.
Another UWB antenna was developed using Kapton as substrate and polyamide for the patch layer [30] . The measurements showed an improved performance of this antenna with frequency ranging from 2.2 to 14.3 GHz. This range covers industrial, scientific and medical (ISM) bands and the standard 3.1-10.6 GHz. Antennas with graphene nanoflakes have also been printed with an operating range from 984 to 1052 MHz [23] . In that study, the authors observed that the material was stable when thermal or electrical changes were applied. The screen printing manufacturing technique was used because of its low cost. The implementation of this new alternative composite is very interesting because copper is conductive, but its conductivity is fixed. Then, to change the frequency response of a copper antenna, a change in the geometry or dimensions is necessary. On the other hand, antennas based on composite material have an additional degree of freedom, the conductivity tensor of the composite. In that sense, to change the frequency response of a composite antenna, it may be sufficient to change the volume fraction of carbon particles into the mixture or its thickness as shown by Brosseau et al. [31] . The addition of carbon particles to an insulating polymer modifies the permittivity and conductivity of the material. Moreover, several reports studied the electrical behavior of these composites (carbon-polymer mixtures) and demonstrated that it presents a particular response. Since they have an insulator-conductor transaction, which depends on carbon concentration [13, [31] [32] [33] [34] , the antenna performance can be improved without changing the patch geometry or its dimensions when using composite antennas [26, 35] .
Unlike the screen printing technique, the manufacturing processes mentioned above are expensive. When antennas are manufactured using graphene or carbon nanotubes, costs are very high, mainly because of materials costs. Furthermore, specialized equipment is required to obtain layers with high quality onto dielectric substrates during the antennas fabrication.
There are other processes described in the literature used to obtain conductive patch antennas. The article described in [36] developed an approach to decrease the silver content for filling conductive adhesives with silver particles (about 70-90 weight percent). This approach was developed, since the use of high silver contents generate a high-cost process. The authors used weak interactions (electrostatic, ionic or hydrogen bonding) between surface-modified nano-sized silver particles so that the particles undergo a self-structuring/orientation process in the liquid adhesive film (fixed through the curing process). The experimental validation of the system showed the successful replacement of the original organic coating by the silver particles. However, it was not possible to disperse the silver particles in the resin to nano-size, so that the distribution in the cured film is in principle as simulated but not as proper as expected. Besides, the approach was not successful at obtaining a conductive pathway to allow decreasing the amount of silver particles. On the other hand, electrically conductive adhesives (ECAs) exhibit many advantages such as printability and low-temperature processability. Printed antennas, which are based on the electrically conductive adhesives (ECAs), are a very promising alternative fabrication method of RFID tag antennas, due to both productivity and cost benefits. Other benefits of the method are that thinner shapes can be obtained, and the antennas are more environmentally friendly. In the work described in [37] , the authors introduced silver microflake-filled ECAs as a candidate for the RFID tag antenna applications. ECAs have some advantages when they are compared to the conventional antenna preparation methods.
In this work, UWB patch antennas manufactured with a simple technique were evaluated in the laboratory. The manufacturing technique was used to obtain patch antennas based on electrically conductive adhesive applied on an FR4 substrate. The antennas (thickness and chemical composition) were characterized using a scanning electron microscope to evaluate the manufacturing process. Return losses and radiation patterns were measured, and the results were compared to those obtained for a traditional copper-layer patch antenna. The contribution of this work is related to several aspects: 1. Simple manufacturing process of the antenna 2. An ultra-wide band antenna is obtained by a simple design 3. Patch antennas can be miniaturized by the proposed technique.
METHODOLOGY
The preparation of electrically conductive adhesive based on composite material (polymer-carbon mixtures) plays an important role in this work because the material can be used to replace the copper layers. The polymer matrix selected in this investigation was EVA (Ethylene-Vinyl acetate), blended with an adhesive with a high carbon volume fraction and semiconductor particles. Since those materials can behave as insulators or conductive materials (as reported by Brosseau et al. [31] ) depending on carbon concentration, it is important to optimize the quantity of carbon particles in the mixture and the manufacturing process. Therefore, the composite studied in this work has permittivity and conductivity simultaneously, and their values depend on the thickness of the layer, volume fraction of the particles and matrix (carbon particles, semiconductor particles and EVA), and shape of carbon clusters dispersed into the polymer [31, 34, 38] . Accordingly, two important topics are explored in this article: the manufacturing process of composite antennas and the study of the radiation properties of composite antennas, which differ significantly from that reported for the copper antennas due to the differences in permittivity and conductivity of the composite layers. Accordingly, the geometry was not optimized. A standard geometry was selected to perform the tests on the proposed materials.
Once the composite was prepared, the proposed antenna was manufactured on an FR4 substrate and electrically conductive adhesive layers in the patch and ground plane. The FR4 substrate having a dielectric constant of ε r = 4.4, loss tangent of δ = 0.002 and thickness of 1.6 mm. The antenna patch was connected to the microstrip line providing a characteristic impedance of 50 Ω. Conductive adhesive has a thickness of ≈ 0.3 mm in order to increase the effective conductivity. The adhesive structure of the antennas is shown in Figure 1 . The layer of adhesive was also used as ground plane, and it was applied to the rear side of the substrate covering the total surface. Manufacturing of antennas was carried out in the polymers Laboratory of Instituto Tecnológico Metropolitano, using standard manufacturing conditions. The procedure was simplified to improve repeatability as described below, as illustrated in Figure 2 . Initially, a sheet of FR4 without conductive layer, with dimensions of 41 mm×41 mm, was cut using a CNC router. The sheet was used as a dielectric substrate of the antenna. Using a 3D printer, a 1.3 mm thick PLA mask was printed with the geometric dimensions of the patch (W = 17.8 mm, L = 17.4 mm). After that, the mask was pressed over the substrate, and a layer of conductive adhesive was applied onto the FR4. The pressure was applied to control thickness of the patch. The thickness of the mask was controlled to be around 0.3 mm (as seen in Figure 2 ). The rear surface of the FR4 substrate was applied with a conductive adhesive to create the ground plane of the antenna. PLA masks were removed, and a SMA connector (SMA-J-P-H-ST-TH1) was added to connect both the patch and ground plane through contact points.
After applying the layer, the antennas were dried during 24 hours to obtain the best conductivity value between patch and SMA connector. Subsequently, antennas were tested to validate the prototypes. Conductivity was the first parameter to measure, and after that, signal analysis was carried out. The signal analysis was taken as an evaluation parameter to determine if the prototype was rejected. In order to evaluate the quality and repetitivity of the manufacturing technique, four samples were manufactured, and all of them were tested. A summary of the manufacturing process is shown in Figure 2 .
After applying the conductive adhesive, samples were cut to evaluate through observation of transverse section. Samples were mounted in a resin, and a metallographic polishing was done by emery papers up to 1000 grit size. After polishing, the samples were inspected in a JEOL 7100F Field Emission Scanning Electron Microscope (FE-SEM) with Energy Dispersive Spectrometry (EDS) to evaluate the structure within the layer. In all cases, at least 10 measurements of thickness were performed, and the average and standard deviation were reported.
EXPERIMENTAL RESULTS
Images of transverse section of one representative developed antenna and chemical compositions of sample are shown in Figure 3 , Figure 4 and Figure 5 .
The substrate, to which the conductive adhesive was applied, was reinforced with glass fibers in order to improve the capacitance and to improve mechanical resistance of the samples (Figure 3) . The thickness of the samples is shown in Table 1 .
From the results, it can be concluded that the thickness of the samples ranges from 207 to 261 µm. The manufacturing process used to obtain the antennas includes the polymerization of a resin used as a matrix to gather carbon and semiconductor particles. During the polymerization pores can be formed in the layers since the application was done manually. Moreover, during the polishing procedure required to analyze the samples in the SEM (to obtain Figure 3 ), defects can be induced in the sample, and the layers can be detached from the substrate. On the other hand, the error in the thickness is caused by the manufacturing process (the differences in thickness are around 26%). Despite the defects and the differences in the thicknesses observed in the samples and shown in this manuscript, the replicas show that the antennas perform very similarly in terms of reflection coefficient. The optimization of the manufacturing process to obtain small variation of the thickness is beyond the scope of this article. In addition, small differences in thickness could be induced by the contraction of the water-dissolved polymer during manufacturing of the antenna. The structure of the antenna samples is composed of a high carbon matrix (conductive polymer) and conductive particles (crystals). The particles are complex iron oxides added to increased conductivity of the polymer. The microstructure of particles is shown in Figure 4 .
An energy dispersive spectrum showing the chemical composition of the sample is shown in Figure 5 . The determination of the elements in the layers was done by using and Energy Dispersive Spectrometry (EDS). In that technique, electrons are delivered to the sample, and they generate characteristics Xrays. After that, the X-rays generated in the sample are collected and classified to evaluate the amount of certain element in the sample depending on the counts of X-rays received in the detector. The vertical axis is the number of counts per second (count per second, cps), and it is related to number of X-ray photons received in the detector which is proportional to the concentration of the element in the sample. The x axis shows the energy of the characteristics X-rays received in the detector. From that spectrum it can be concluded that particles comprise iron, magnesium, silicon and calcium. Since the oxygen contents are high, the crystals are complex oxides used to provide electrical conductivity to the polymer.
Electrical characterization of the proposed antennas was done using a ZVA24 Rohde & Schwarz Vector Network Analyzer. Figure 6 shows a comparison between the reflection coefficients obtained by the proposed antenna and the same antenna using copper layers. For the antenna with copper layers, the operating frequency can be calculated using conventional theory. It presents a main resonant frequency at 4 GHz. However, this design shows strong reflection at 4 GHz because the system has a poor impedance matching between the microstrip line and the patch. On the other hand, the proposed antenna based on composite materials shows an excellent impedance mismatch in an ultra-wide band (From GHz to GHz). In this case, the optimal operating frequency is close to 6 GHz because the reflection coefficient reached −36 dB approximately. The main difference between the two antennas is that conductive layer of the proposed antenna has conductivity and permittivity simultaneously. As explained before, it is caused by the presence of a polymer matrix and the carbon and semiconductor particles. Then, it is similar to have double substrate layers (FR4 and polymer materials) between the patch and the ground, which help impedance matching and increase the bandwidth of our antenna. On the other hand, the presence of some peaks after 10 GHz could be related with dispersive characteristics of FR4 material. However, as shown in Figure 6 , the composite material helps to mitigate these effects. It is because the polymer modifies the effective permittivity of the system, and it can even induce displacements in resonance frequencies. This physical principle is used in other applications such as [21, 39] . Figure 7 shows the reflection coefficient by four manufactured samples. From the figure, it can be concluded that all developed samples showed a very similar behavior. The same frequency peaks and bandwidth were observed in the four samples. Another important aspect is the UWB behavior observed for the developed antennas. In the region of 609 MHz to 9.105 GHz (more than 200% of fractional bandwidth), the proposed antenna covered a major part (80%) of the UWB spectrum for commercial applications. The antennas covered the whole of UHF band, L band, S band, C band, and part of X band. In addition, the characterized samples presented four peaks found in 13.328 GHz, 15.464 GHz, 17.165 GHz and 18.564 GHz as summarized in Table 2 . Table 2 shows a detailed analysis of different samples (resonant frequencies and bandwidth for each resonant peak). The results obtained in this work showed that all manufactured antennas were very similar since the fluctuations of the resonance frequency and bandwidth are smaller than 260 MHz, which can be associated with fluctuations in the thickness of the conductive adhesive layer.
On the other hand, the implementation of the conductive adhesive allows miniaturizing the dimension of the antenna, especially at lower frequencies. For example, an antenna whose operating frequency is 700 MHz, and the dimensions will be around 130 mm × 80 mm (10400 mm 2 ). If dimensions were compared to the antenna described in this article, they would be 17 mm × 17 mm (289 mm 2 ). Accordingly, the area of the device would be 36 times smaller than copper layer patch antennas. Then, it is possible to conclude that developed antennas allow us to miniaturize the patch antenna whose operating frequency is less than 2.4 GHz, reducing its dimensions by up to 70%. This estimation was made following the procedure explained in [40] . Finally, Figure 8 presents the measured radiation patterns in two principal planes at 2.4 GHz and 5 GHz (it must be pointed out that due to equipment limitations, radiation patterns were obtained only in these frequency values). From these results, it can be concluded that the constructed antennas have an omnidirectional behavior. In the case of XZ-plane, the radiation of antenna is sent mainly in one direction with a half-power beamwidth ≈ 138 • . This shows that the antenna radiates in all directions and could even cover a wider area. This result is important since it implies that antennas are suitable for wireless communication such as Wi-Fi, Bluetooth, and WiMAX/WLAN applications. A symmetrical radiation pattern was observed for both analyzed frequencies.
CONCLUSION
In this work, Ultra-Wide Band (UWB) patch antennas using an electrically conductive adhesive were manufactured with a simple technique, and their behavior was evaluated in the laboratory.
The results showed that the thickness of the carbon composite samples was from 207 to 261 µm. Electrical characterization of proposed antennas shows that the manufacturing process provided high repeatability and thickness control. In addition, fabricated antennas show low dispersion characteristics over the frequency range of interest and so may be used in wireless applications
Experimental results show that carbon composite antenna has good performance from 609 MHz to 9.105 GHz and an average bandwidth of 8.558 GHz. The bandwidth optimization obtained was 200% higher compared to copper traditional antennas.
Finally, the proposed antennas covered the whole UHF band, L band, S band, C band, and part of X band. The manufacturing technique allows optimizing the geometry of antennas since it is possible to miniaturize the geometry to obtain the same electrical resonance.
